The present paper evaluates the static and motional feedthrough capacitance of a silicon carbide-based flexural-mode microelectromechanical system resonator. The static feedthrough capacitance was measured by a network analyzer under atmospheric pressure. The motional feedthrough was obtained by introducing various values into the modeling circuit in order to fit the Bode plots measured under reduced pressure. The static feedthrough capacitance was 0.02 pF, whereas the motional feedthrough capacitance of an identical device was about 0.2 pF, which is one order of magnitude larger than the static feedthrough capacitance.
Introduction
Microelectromechanical system (MEMS) resonators have attracted the radio frequency communication community's attention because of their excellent characteristics (Qs) [1, 2] . Recently, several studies have analyzed and characterized electrical MEMS resonators in order to integrate them fully with an analog circuit. As a MEMS resonator is driven electrostatically, a motional current is generated based on the oscillating mass. Therefore, the resonator is modeled electrically with a series resistor, inductor, and capacitor connection when oscillating. The motional resistance is proportional to the energy dissipation, which is the reciprocal of the quality factor [3, 4] . Lopez et al. showed that the fabricated driving gap can affect the motional resistance significantly [5] . In addition to motional components, the current also runs through an undesired path from the input to output ports modeled with a parallel feedthrough capacitance. Tanaka et al. showed that the feedthrough capacitance affects resonator performance and frequency response [6] . An accurate modeling or estimation is important in integrating the MEMS resonator into a circuit design, such as an oscillator and filter. However, parasitics are usually dependent on the substrate, layout and device manufacturing. The accurate estimation of parasitic capacitance is important but is difficult to extract from direct measurement [7] . Lee and Seshia successfully evaluated this capacitance for both low Q and high Q conditions [8] . The flexural-mode MEMS resonator suffers significantly from air damping in atmospheric pressure compared with that in a vacuum [9, 10] . Therefore, the present study can evaluate the lateral flexural resonator with a low Q in atmospheric pressure and a high Q in vacuum using an identical device. The proposed modeled electrical components from the MEMS resonator are based on the conclusion by Nguyen and Howe [1] , which did not evaluate feedthrough capacitance yet. The feedthrough capacitance evaluation under static and oscillating modes can be obtained by direct measurement and curve fitting. Static feedthrough capacitance is accessible from direct measurement from network analyzer, while motional feedthrough capacitance is derived by curve fitting with the Bode plot under oscillation. The handy approach could enable a designer to evaluate the feedthrough capacitance of MEMS resonator for both static and motional statuses.
Fabrication and Measurement Setup of MEMS Resonator
The current work used silicon carbide as structural material because it has a high Young modulus which increases the acoustic velocity above that of silicon. The 3C-silicon carbide resonators employed in the present work were developed originally from poly-SiC films deposited by lowpressure chemical vapor deposition (LPCVD). The details are pertaining to the fabrication and its use can be found in [4] . A series of resonators was fabricated from poly-SiC films deposited by LPCVD. The substrates comprised Si wafers capped with a thermally grown 1.5 μm-thick SiO 2 film. The proof mass is suspended by four supporting beams connected to anchors. The resonator is driven with an input voltage (V i ). A Philips SA5211 transimpedance amplifier is connected at the output to amplify the motional current with gain of Z AMP . When oscillating, the MEMS resonatorgenerated motional current is converted to a voltage output (V o ) by the transimpedance amplifier. The transimpedance amplifier is chosen because it uses a bipolar junction transistor differential amplifier capable of providing a low noise output signal. In addition, the bandwidth reaches 180 MHz, which can satisfy the measurement range. Figure 2(b) shows the equivalent circuit of a MEMS resonator comprising an equivalent resistor (R m ), capacitor (C m ), inductor (L m ), and feedthrough capacitor (C f ). The feedthrough current (I f ) can flow through due to carrier charge and discharge between ports and the shuttle (proof mass) even if the MEMS resonator is not oscillating. The motional current (I m ) occurs only when the resonator is oscillating.
Results and Discussion

Modeling of an Oscillating MEMS Resonator.
When an electrostatic actuation mechanism drives a MEMS resonator, motional current is generated based on the oscillating frequency. An oscillating MEMS resonator without feedthrough capacitance is modeled as an RCL circuit, denoted by R m , C m , and L m , respectively. The values are modeled as [1] 
where ω r = √ k/m, V P is the bias voltage applied to amplify motional-current signals, k is the spring constant, ω r is the resonant angular velocity of the MEMS resonator, ∂C/∂x is the capacitance change per displacement, and Q is the quality factor. However, considering the feedthrough capacitance (C f ) from the input to the output port, leakage current occurs and can cause a 180
• phase shift at the oscillating frequency.
Measurement in Atmospheric Pressure.
Air damping has been a significant issue for most flexural resonators, resulting in small signals and low-quality factors. For normal viscous damping, such as that in a flexural resonator under atmospheric pressure, the gas velocity is zero at the gas-surface interface. Figure 3 shows a typical magnitude plot of a flexural-mode resonator operated at atmospheric pressure, sweeping from 1 to 50 kHz. However, for the resonant peak, its 3 dB bandwidth is too small to be identified because of large air damping. Considering the feedthrough capacitance only, largely due to the gap between the proof mass and electrodes, as shown in Figure 2(a) , the feedthrough current (I f ) will be
where V i is the input voltage applied from the network analyzer, ω is the sweep frequency of the radius, and C f is the feedthrough capacitance of the MEMS resonator from the input to the output port. Following the MEMS resonator, a transimpedance amplifier SA5211 was connected to the output voltage (V o ) in the output port of the network analyzer. The feedthrough current is caused by a charge attraction between the electrodes and proof mass, or the shuttle
The transmission coefficient S 21 is extracted from (4) and (5). The coefficient is proportional to the sweep frequency beyond 10 kHz sweeping. Although SA5211 is a 28 kΩ transimpedance amplifier with differential outputs, the gain becomes 14 kΩ (Z AMP ) as grounding one of the outputs.
Considering that S 21 = −82.1 dB at 44.8 kHz and the amplification of gain; the static feedthrough capacitance is about 0.02 pF from (6):
Measurement in Reduced Pressures
. Air damping comprises a significant part of the total energy dissipation in atmospheric pressure. The dissipation attributed to air damping is too high for the identification of the oscillation peak in Figure 3 . For this viscous damping, the gas velocity is almost zero at the gas-surface interface, whereas the gas rarefaction at the interface occurs in reduced pressure. The resonant frequency shifts with the gas-rarefaction effect because of the change in the damping coefficient. Using the measured parameters listed in Table 1 , the equivalent motional resistance (R m ), motional capacitance (C m ), and motional inductance (L m ) can be derived using (1), as listed in Table 2 . Furthermore, by fitting the curve into the measured curve in Figures 4(d) and 4(e) , the feedthrough capacitance (C f ) of the circuit can be obtained. The modulus of the transfer function is
where Z AMP is a constant (14 kΩ), because the SA5211 provides a wide-band amplification within 180 MHz, s is the frequency in complex number. Both of the numerator and the denominator parts of the fraction function in (7) Figure 5 . In analyzing this phase shift, this motional feedthrough capacitance is 2 × 10 −13 F, or 0.2 pF, which is about one order of magnitude larger than the static feedthrough capacitance.
Conclusion
The present study evaluated static and motional feedthrough capacitance. The results show that motional feedthrough capacitance is roughly one order of magnitude larger than that in static mode. Some precise RCL meters may also be useful in obtaining static feedthrough capacitance, although the current work used characterization curve to find the static feedthrough capacitance. Additionally, other modes besides the flexural-mode MEMS resonator would be suitable for determining motional feedthrough capacitance by fitting the Bode plot curves.
